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There are two major possibilities for fusion
energy



Its seems likely



Lab aerial w/sf and nif



National Ignition Facility



NIF is 705,000 sq ft






NIF Laser System



NIF Laser System






Ignition target















NIF is 93% complete NIF is on schedule and
within budget
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>20 shots at full energy have been
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Ignition plan has 35 distinct diagnostic
requirements



NIF is steadily developing a large range of
experimental capabilities












Laser commissioining has accelerated
tremendously
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NIF Master Strategy
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After 47 years, all of the pieces for ignition are
nearly in place

The NIF laser and the equipment needed for ignition experiments,
including high quality targets, will be available in 24 months

 We have an ignition point design target near 1 MJ with a credible
chance for ignition during early NIF operations

 We have an Early Opportunity Shots (EOS) system commissioning
campaign with 96 beams planned to start in 12 months

« The initial ignition experiments will only scratch the surface of NIF’s
potential, which includes high yields with green light and greatly
expanded opportunities for the uses of ignition by decoupling
compression and ignition in Fast Ignition (Fl)

NIF-0607-13692.ppt NIF Town Hall Meeting, June 16, 2007
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NIC is the bridge from NIF to routine
operations of a highly flexible HED science
facility
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NIF 2010 campaign
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NIF/NIC Integrated Schedule
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The NIF point design has a graded-doped,
beryllium capsule in a U, ;:Au ,: hohlraum driven
at 300 eV

o Laser Beams
_ / (24 quads through each
Cryo-cooling LEH arranged to
Ring \ illuminate two rings on
N the hohlraum wall)

A
Capsule <— Aluminum assembly sleeve

doped Be) — Capsule fill tube

fuel layer

2 «——Hohlraum Wall:
— High-z mixture (cocktail )

v\
Hohlraum Fill
— He gas (1.3 mg/cm3)

Laser Entrance Hole (or He/H)
(LEH) with window

3©

/
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Cryogenic Layering Prototype Target



10-um diameter fill tube —
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Be capsule
and fill tube
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We have 30 types of diagnostic
systems planned for NIC

Diagnostic
Instrument

Manipulator (DIM)

X-ray imager

Streaked
x-ray detector

Diagnostic
Alignment
System

DANTE

Soft x-ray
temperature

Full
Aperture

Backscatter

/ Imager

Near Backscatter

/

FFLEX

Hard x-ray
spectrometer

<—___| Diagnostic
Instrument
Manipulator
(DIM)
Static x-ray
imager VISAR
Velocity
Cross Measurements
Timing
System

We successfully fielded ~ half of all the types of diagnostic systems on NIF

NIF-0607-13692.ppt
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Multiple ARC radiographs at intervals ~20- 80ps
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We are developing an ignition program plan
during system commissioning to decrease
overall risk




Ultimately, yields well in excess of
100 MJ may be possible on NIF

NIF-0607-13692.ppt NIF Town Hall Meeting, June 16, 2007
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Direct dri hieve iqniti it hil

NIF is in the x-ray-drive configuration
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Fast ignition, which separates the fuel
compression and ignition, will be tested on NIF

 The compression laser assembles the fuel to uniform, high density:

« The ignition laser generates hot electrons that propagate through to the dense
fuel and deposit their energy initiating a burn wave:

Electron generation Electron transport Electron deposition

NIF-0607-13692.ppt NIF Town Hall Meeting, June 16, 2007 55



When the requirements of low solid angle

NIF-0607-13692.ppt NIF Town Hall Meeting, June 16, 2007
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NIF is a National User Facility

NIF-0607-13692.ppt NIF Town Hall Meeting, June 16, 2007
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National Ignition Facility
Three years to a New Age for Science



NIF can play a key role in international

science vision

NRC committee on HEDP:
X-Games of Contemporary Science

NRC committee on the
Physics of the Universe

NIF-0607-13692.ppt NIF Town Hall Meeting, June 16, 2007
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NIF will access unprecedented

high energy density regimes

NIF Will Create a Huge Flux of Neutrons

NIF Will Create Thermal Plasmas at the
Conditions of Stellar Interiors

NIF Will Drive Targets to Pressures Found
at the Center of Jupiter

NIF Will Produce Enough X-Ray Flux to
Simulate Conditions in an Accretion Disk
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NIF’s Scientific Environments

« These are the conditions of Extreme Laboratory Astrophysics
— T >108 K matter temperature
— p >103 g/cc density
— Those are both 7x what the Sun does!
Helium burning, stage 2 in stellar
evolution, occurs at 2x108 K!

« Core-collapse Supernovae, colliding
neutron stars, operate at ~102% n’s/cc
— NIF: p, = 10'7 neutrons/cc

* These apply to Type la Supernovae!
— Electron Degenerate conditions
— Rayleigh-Taylor instabilities for
(continued) laboratory study.

* Only need ~Mbar in shocked hydrogen to study the EOS
in Jupiter & Saturn
— Pressure > 1011 bar

These certainly qualify as “unprecedented.”




The NRC committee on the Physics of the Universe
highlighted the new frontier of HED science

Eleven science questions for the new century:

2. What is the nature of dark energy?
4. Did Einstein have the last word on gravity?

6. How do cosmic accelerators work and
what are they accelerating?

8. What are the new states of matter at
exceedingly high density and temperature?

10. How were the elements from iron to
uranium made?

IONAL RESEARC

Findings:
« HEDP provides crucial msmts relevant to interpreting astrophysical observations
* The field has great promise; should be better coordinated across the Federal agencies

NIF-0607-13692.ppt NIF Town Hall Meeting, June 16, 2007 62



Nuclear science on NIF

* Unique conditions on NIF will
enable studying:
— Dynamics of nuclei in
excited states
— Charged particle reactions
relevant to nucleosynthesis
— Solar neutrino physics

High Neutron Flux
=103%4 cm2 s-1
fluence=10%3cm-2

A working group has been formed including: LLNL (Schneider),
LBNL (Phair), UCB (Moretto), Univ. Notre Dame (Wischer),
Colorado School of Mines (Greife), GSI, University of Oslo

NIF-0607-13692.ppt NIF Town Hall Meeting, June 16, 2007 63



NIF’s planning supports DOE’s goals for “civilian
research” and NNSA-SC partnering

NIF-0607-13692.ppt NIF Town Hall Meeting, June 16, 2007
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“External Users” participated

in the 2004 NIF Early Light Experiments

— Physical Review Letters —

ARCH 2005

Exp

B.E. Blue,' S. V. Weber,' S.G. Glendinning,' N. E. Lanier,” D. T. Woods,"
1.P. Holder,' D. H. Kalantar," B.J. MacGowan,' A. J. Nikitin," V. V. Rekow,"
B.H. Wilde.> W

P.E. Stry.!

os Alamos National Laboratory, Los Alamos

ber 3D Hydrodynamic Jets
ility

M.J. Bono," S.N. Dixit.' C. A. Hayn;
B.M. Van Wonterghem," E. I. Mos

/. Hsing." and H.F. Robey'

‘The first hydrodynamic experiments were

was formed via the interaction of a laser dri

The temporal evolution of the jet’s spatial S

x-ray radiography: Measurements of the lare|
! B :

7 L

‘ormed on the National Ignition Facility. A supersonic jet
ck ( ~ 40 Mbar) with 2D and 3D density perturbations.

s and ejected mass were measured with point-projection
cale features and mass are in good agreement with 2D and

3D numerical
jets and provide insight into heis 31> behavi

DO 10.1103/PhysRevLett.04.005005

The interaction of a shock wave with a density pel
bation is a problem of basic scientific interest [1]
specific application to astrophysics [2] and inertial
finement fusion (ICF) [3]. For instance, high-Mach nui
hydrodynamic jets, which can result from a sh)
perturbation interaction, are ubiquitous features of s
novae in astrophysics [4—7] and may result from the
ence of capsule joints or cryogenic fill tubes in ICH
Although the spatial scales of these systems vary
16 orders of magnitude from supernovae jets (~10'
to micron scale jets inside ICF capsules, they are unifi
the physics of a high-Mach number shock interacting
a perturbation at a two fluid interface. In both system
shock-perturbation interaction results in a jet of pl
being ejected ahead of the shocked material interfac]
the case of supernovae, a jet provides a possible me
nism for explaining the observation of the early appear
of core high Z elements (nickel, iron, etc) [9] in the
helium and hydrogen envelope. In the case of ICF caps|
fabrication joints or fill tubes can mix cooler shell mat
into the fuel before optimal compression, possibly af
ing ignition [8]. Previous work has studied the s
evolution of 2D jets [6]. This Letter describes quanti
measurement of the evolution of 3D supersonic jet
provides insight into their 3D behavior. To validat
simulations of these phenomena, there are several par|
ters of critical importance. They are the spatial dimens|
the characteristic velocities, the total mass of materiall
the spatial mass distribution of the jet material

An was conducted to gate jet fi
tion in 2D and 3D shocked systems using the first
(fourbeams) of the National Ignition Facility (NIF) [1

located at Lawrence Livermore National Laboratoff. A

1.5 ns, 6 KJ (2 X 3kJ beams), 3w (351 nm waveler]
1000 um diameter laser pulse (4 X 1014 W/cm?)
used to drive a 40 Mbar shock wave into aluminum t

0031-9007/05 /94(9)/095005(4)$23.00

—

on the evolution of 3D supersonic

PACS numbers: 52.35.Tc, 5250Jm, 52.57.-z

ur- backed by 100 mg/ce carbon aerogel foam. The e
ith  mental package consisted of a 101 = 2 um thickne:

bo-  minum disk placed in direct contact with a s
fber  aluminum disk of 149 * 2 ym thickness that contaj
k- central, 162 + 2 pm diameter hole. The hole was dri
er- either 0° for the case of a two-dimensional cylind
- symmetric target [Fig. 1(a)] or 45° for the case of
8].  three-dimensional target [Fig. 1(b)]. The two 80

ver  diameter aluminum disks were inserted into a 2001
m)  diameter. 250 gm thick gold washer that delaye}
by  propagation of shocks around the exterior of the
ith  package. The front surface of the target was coated
the 257 +2 um thick polystyrene ablator. The carbon a
ma  was encased in a polystyrene shock tube with al
In  thickness of 40 pm.

Resolution Grid———x

rial (@)

Shock

ne- Vil \ Target & Jet

X Package Direction
and

X-Ray
ma- Backlighter b
uad Drive
1] Backlighter Laser

Laser Beam Beams

bh),
as FIG. 1 (color). Schematic of a 2D target (a), a 3D targf
frets  and the radiographic configuration used on NIF (c) (not to
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Abstract
The first experiments on the National
and laser losses in Iflge

ity (NIF) have emp the first fous

ir beams to measure

plasmas. Gas-filled targets between 2 and 7mm

length have been heated from one side by overla pm&lhe focal spots of the four beams from one quad operated at

351nm (3w) with a total intensity of 2 x 10
7 mm long heated plasmas
‘The high energy in an NIF quad of beams of

of ne =6x 1

. The targets were filled with 1atm of CO2 producing up to

cm™ and temperatures of Te = 2 keV.

6 KJ, illuminating the target from one direction, creates umque
The

conditions for the study of laser—plasma interaclions at scale lengths not p
through
data indicate that the beams interact with the full length of this ignition-scale plasma during

the large-scale plasma was measured wih a gated x-ray imager that was filtered for 3.

5 keV x-rays. These
the last ~1 ns of the

experiment. During that time, the full aperture rleasurements of the stimulated Brillouin scattering and stimulated
Raman scattering show scattering into the four fqfusing lenses of 3% for the smallest length (~2 mm), increasing to
10-12% for ~7mm. These results demonstrate fhe NIF experimental capabilities and further provide a benchmark
for three-dimensional modelling of the laser—plgfima interactions at ignition-size scale lengths.

PACS numbers: 52.38.-r, 52.25.-b, 52.35.-g
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Hard x-ray and hot electron environment in vacuum hohlraums
at the National Ignition Facility

J. W. McDonald, L. J. Suter, O. L. Landen, J. M. Foster,” J. R. Celeste, J. P. Holder,

E. L. Dewald, M. B. Schneider, D. E. Hinkel, R. L. Kauffman, L. J. Atherton, R. E. Bonanno,
S. N. Dixit, D. C. Eder, C. A. Haynam, D. H. Kalantar, A. E Koniges, F. D. Lee,

B. J. MacGowan, K. R. Manes, D. H. Munro, J. R. Murray, M. J. Shaw, R. M. Stevenson,”
T. G. Parham, B. M. Van Wonterghem, R. J. Wallace, P. J. Wegner, P. K. Whitman,

B. K. Young, B. A. Hammel, and E. |. Moses

Lawrence Livermore National Laboratory, P.O. Box 808, Livermore, California 94550
(Received 25 October 2005; accepted 23 February 2006; published online 31 March 2006)

Time resolved hard x-ray images (hv>9 keV) and time integrated hard x-ray spectra (hv
=18-150 keV) from vacuum hohlraums irradiated with four 351 nm wavelength National Ignition
Facility [J. A. Paisner, E. M. Campbell, and W. J. Hogan, Fusion Technol. 26, 755 (1994)] laser
beams are presented as a function of hohlraum size, laser power, and duration. The hard x-ray
images and spectra provide insight into the time evolution of the hohlraum plasma filling and the
production of hot electrons. The fraction of laser energy detected as hot electrons (F,,,) shows a
correlation with laser intensity and with an empirical hohlraum plasma filling model. In addition, the
significance of Au K-alpha emission and Au K-shell reabsorption observed in some of the

bremsstrahlung dominated spectra is discussed. © 2006 American Institute of Physics.

[DOL: 10.1063/1.2186927]

I. INTRODUCTION

High-Z cavities or hohlraums are an essential part of the
indirect drive approach to internal confinement fusion
(ICF)." These hohlraums convert intense laser light into soft
x rays that can symmetrically implode fuel capsules or can
be used for a wide variety of other high-energy density ex-
periments. The physics of laser absorption in the hohlraum
must be understood in order to predict the hohlraum symme-

ties such as the stimulated Raman instability.'® Quantifying
the hot electron production is important for ignition experi-
ments because the hot electrons can penetrate the fuel cap-
sule, preheating the fuel and thereby making it harder to
compress. Hot electrons can be important for other experi-
ments, for example, by preheating hydrodynamic packages
or by driving the plasma out of equilibrium. Hard x-ray elec-
tron bremsstrahlung emission is produced when the fast elec-
trons interact with the surrounding plasma or the cold dense

try, radiation temp ble within the

and the efficiency of coupling of the driver energy to the
capsule. Several studies of the interaction of lasers with cavi-
ties and their associated plasmas have been conducted over
the past decades.’™ Parametric instability growth leading to
mﬁecuon of laser light by the plasma® can present a limit to
the radiation in 1
hohlraums.” However, in this paper we focus on the effect of
hohlraum plasma filling on hot electron production that re-
sults from the laser-hohlraum plasma interactions as evi-
denced by hard x-ray photons.

Single-ended cylindrical hohlraums (“halfraum™) were
used in this study, as illustrated with a computer-generated
image in Fig. 1(a). The laser beams enter the halfraum along
its axis through a laser entrance hole (LEH) (bottom), strik-
ing the back wall (top), rapidly heating the Au producing
laser ablated plasma and x rays. The x rays in turn interact
with and heat the unilluminated walls, producing x-ray ab-
lated plasma and reemitted x rays. In contrast to laser-disk
experiments,” where the ablated plasma is free to e: xpand, the
hohlraum confines and accumulates the plasma.” As the
plasma moves into the path of the incident laser beam, hot
electrons (>10 keV) are produced by laser plasma instabili-

¥ Atomic Weapons Establishment, Aldermaston, United Kingdom. ]

1070-664X/2006/ Jl8)/0G2703/7/$23.00

13, 032706-1

matter. is on the order of a few
percent of the fast elecuon energy for high-Z materials such
as Au and is proportional to Z. For very hot plasmas, hard x
rays can be produced by the thermal electron distribution
through bremsstrahlung or by free-bound transitions. In pre-
vious laser-plasma experiments in indirect drive targets, the
hard x-ray levels have been correlated with Raman scattered
laser light signals.” Often the spectrum had a harder, super-
hot component thought to be produced by forward Raman
scattering.”

This paper describes measurements of hot electrons pro-
duced in laser heated cavities. The scaling with hohlraum
size and laser power and duration are presented. The fraction
of laser energy detected as hot electrons (Fy,,) shows a cor-
relation with laser intensity and with an empirical hohlraum
plasma filling model. In addition, evidence of Au K-alpha
emission and Au K-shell reabsorption in some of the brems-
strahlung dominated spectra is discussed.

Il. EXPERIMENTAL SETUP

The National Ignition Facility (NIF), currently under
construction,'? is a 192-beam laser system that is designed to
deliver up to 9.4 kJ (3 TW) of laser energy (power) per
beam at 351 nm wavelength. The laser system will be used

©2006 American Institute of Physics

Atomic Weapons Establishment
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Three university teams are starting to prepare
for NIF shots in unique regimes of HED physics

Astrophysics -
hydrodynamics

Planetary
physics — EOS

Nonlinear optical
physics — LPI

Paul Drake, PI, U. of Mich.
David Arnett, U. of Arizona,
Adam Frank, U. of Rochester,
Tomek Plewa, U. of Chicago,
Todd Ditmire, U. Texas-Austin
LLNL hydrodynamics team

Raymond Jeanloz, PI,
UC Berkeley
Thomas Duffy, Princeton U.
Russell Hemley, Carnegie Inst.
Yogendra Gupta, Wash. State U.
Paul Loubeyre, U. Pierre & Marie
Curie, and CEA
LLNL EOS team

Christoph Niemann, PI,

UCLA NIF Professor
Chan Joshi, UCLA
Warren Mori, UCLA
Bedros Afeyan, Polymath
David Montgomery, LANL
Andrew Schmitt, NRL
LLNL LPI team
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U.S. Academic Alliance
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NIF will be an integral member of
the HED community

Z petawatt



Our goal: turn NIF into the premier international
center for HED experimental science

CERN

Chandra X-ray Observatory

France

Switzerland

NIF

APS

SLAC

NIF-0607-13692.ppt NIF TowrrHattvteeting, June 16,2007



Clean energy
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Clean energy humankind’s challenge



There are two major possibilities for fusion
energy

NIF-0607-13692.ppt NIF Town Hall Meeting, June 16, 2007
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We have performed a systems study
of a1 GWe IFE power plant

Assuming:
* ID Fast Ignition

— G=200 @ 2MJ 0.5 pm
e Liquid 1st walls

10 MW DPSSL
— 2MJ, 5Hz,0.5 pm, 15-20% )

NIF-0607-13692.ppt NIF Town Hall Meeting, June 16, 2007
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Is NIF a precursor to an IFE plant?

NIF-0607-13692.ppt NIF Town Hall Meeting, June 16, 2007
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The first meter-scale MLD diffraction grating
was produced in August of 2004

Ed Moses

PS&A also has leading expertise in meter-scale diffractive optics
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PS&A is the growth engine for the NIF
Directorate

Ed Moses NIF Nuclear Astrophysics Workshop, August 27, 2007
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Laser based gamma rays enable isotope
imaging

Ed Moses NIF Nuclear Astrophysics Workshop, August 27, 2007
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NIF: Visions of yesterday become reality of today



A glimpse into the future

Ed Moses NIF Nuclear Astrophysics Workshop, August 27, 2007
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From the Sun to the Sun




Blue screen

NIF-0607-13692.ppt
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